By-products from potato processing plants were liquefied and partially saccharified using three commercially available enzymes, followed by ethanol fermentation by yeast and then hydrolysis by glucoamylase. From 12% (w/w) of fresh potato peel, about 20 mg/mL ethanol was formed in the supernatant via amylase, pectinase, or an enzyme complex; this yield was slightly increased with combinations of these enzymes. Supplementation of substandard mash to potato peel (1:1) as a raw material enhanced the amount of ethanol formation, increasing it to approximately 50 mg/mL by the mixture of all three enzymes. After the addition of yeast and glucoamylase to the partially saccharified material, ethanol formation proceeded gradually and slowed in 12 h with the consumption of fermentable sugars. Galacturonic acid derived from pectin was not fermented and remained in the fermented broth. In the by-products, the conversion rate of sugars to ethanol was estimated to be 42.5%.
Introduction
Potato is a valuable food crop. Three million tons are produced annually in Japan for a wide range of applications, including cooking, processing, and use as a material for starch. Three hundred thousand tons are used for manufacturing of potato snacks, accounting for 60% of potatoes used for processing. In 2007, sales figures in billions of yen for a variety of potato snacks were 77.5 for potato chips, 54.5 for fabricated potato, and 5.2 for shoestring potatoes. During potato processing, disposal of by-products often poses a serious problem to the manufacturer. The peel removed from the potato tuber prior to slicing and frying is a principal byproduct in typical potato chips, and a substandard portion of mashed potato is further loaded in fabricated potato. Potato peel has a high content of phenolic compounds, to which antioxidant activity is attributed (Kanatt et al., 2005; De Sotillo et al., 1994) . The main components were identified as chlorogenic acid and caffeic acid in free-form phenolics (Kanatt et al., 2005) and ferulic acid in bound-form phenolics (Nara et al., 2006) . Potato peel extract can be used as a natural antioxidant in soy bean oil (Rehman et al., 2004) and has been shown to retard lipid oxidation in radiation-processed lamb meat (Kanatt et al., 2005) . Recently, its protective effect against carbon tetrachloride-induced liver injury in rats has been identified (Singh and Rajini, 2008) . While banana peel and citrus have been used as media for microbial biomass (Essien et al., 2005) or for enzyme production by fungi (Mamma et al., 2008) , most of the by-products from the potato industry are used in animal feed with a combination of other crops (Radunz et al., 2003) or microbial digestion (Ugwuanyi et al., 2008) . Plans are being made to use more of the by-products from potato processing. This study investigated the optimal conditions for enzymatic hydrolysis and successive ethanol fermentation of these potato by-products.
Materials and Methods
Raw materials Potato peel and substandard mash obtained from a local plant producing fabricated potato were stored by freezing just before use in the experiments. At this plant, the peel is initially removed from the potato tuber using steam to obtain the flesh. After slicing, paste from boiled and mashed potato adheres to a large drum by pressing through five serial rollers and is used for successive processes. The paste that lacks starch content and contains contaminated peel is removed from the drum as substandard mash. The amount of potato peel and substandard mash removed from the potato is about 10% and 3%, respectively.
Enzymes and yeast The commercially available enzyme preparations used were α-amylase (Thermamyl, 120 kilo Novo α-amylase unit [KNU]/g), glucoamylase (AMG 300L, 300 amyloglucosidase unit [AGU]/mL), and an enzyme complex (NS50012, 100 fungal β-glucanase unit [FBG]/g; Novozymes A/S, Denmark) and pectinase (Pectinase HL, 10,000 pectinase unit [PU]/g, Yakult Pharmaceutical Industry, Japan). The yeast Saccharomyces cerevisiae used for ethanol fermentation was conventional dried baker's yeast (Super Camellia Dry Yeast, Nisshin Foods, Inc., Tokyo, Japan).
Hydrolysis and fermentation Outline of the standard procedures in the experiments is summarized in Fig. 1 .The enzymes, except for glucoamylase, were added to 50 g of raw material as fresh weight, which included potato peel (50 g) or the mixture of potato peel (25 g) and substandard mash (25 g), in a 100-mL sterilized bottle (Fig. 2) . After static incubation at 50℃ for 21 h, the resulting slurry was cooled to 30℃ and inoculated with dried baker's yeast and glucoamylase, which is unstable at 50℃. The slurry was further incubated at 30℃ for 24 h with standing and centrifuged to separate the supernatant from insoluble residues. The amount of enzyme and dried yeast cells was determined to be 0.05% and 5.0% (w/w), respectively, based on the dry matter of raw materials, unless otherwise stated.
Analytical methods Ethanol in the supernatant of the slurry was determined using a high-performance liquid chromatograph (LaChrom Elite, Hitachi High-Technologies Corp., Tokyo, Japan) equipped with an RI monitor. The analytical conditions were as follows: column, Shodex KS-801 (8.0 mm × 30 cm, Showa Denko Co., Tokyo, Japan); column temperature 50℃; mobile phase, ultra pure water; injection volume, 20 µL, and flow rate 1.0 mL/min. Soluble sugars were analyzed by thin-layer chromatography (TLC) using TLC silica gel 60, aluminum backed (Merck) with a solvent system of 1-butanol/2-propanol/acetic acid/water (7:5:2:4, v/v) (Watanabe and Oda, 2008) . Spots were visualized by spraying the plate with an anisaldehyde-sulfuric acid reagent (Sassalo et al., 2008) . The chemical composition was determined according to the method of the Association of Official Analytical Chemists (Thiex, 2000) . The content of neutral detergent fiber enables the estimation of cellulose, hemicellulose, and lignin content. The remaining content excluding the determined components was distinguished as other substances, such as pectin and soluble sugars.
Results
Liquefaction and partial saccharification The chemical composition of the two raw materials is shown in Table   1 . The content of all components was higher in potato peel than in substandard mash, excluding starch which was the main constituent of the mash. Compared with amylase and pectinase, addition of the enzyme complex to potato peel resulted in more ethanol formed in the supernatant (Table  2 ). This enzyme preparation including arabanase, cellulose, β-glucanase, hemicellulase, and xylanase is used to extract components from plant tissue by degrading cell walls. The addition of two or three enzymes further enhanced the ethanol concentration, but only 30 mg/mL was retained because of the limited amount of fermentable substrates. Mixing of substandard mash with potato peel (1:1) stimulated ethanol formation, as expected. In contrast to potato peel, the most effective enzymes for the mash were amylase and pectinase, which contain appreciable amylase activity. As raw potato starch is rarely susceptible to digestion without a previ- ous gelatinization treatment (Noda et al., 2008) , starch in substandard mash was readily hydrolyzed by the enzymatic reaction due to boiling before the mashing process. The most ethanol (48.6 mg/mL) obtained from the mixture of potato peel and substandard mash was accomplished by the combination of all three enzymes. The ethanol concentration proportionally increased with the amount of these enzymes and reached a nearly constant level over 0.05% (Fig. 3) . Sugar hydrolysis and ethanol fermentation Ethanol was formed from the potato peel/substandard mash mixture in successive processes. That is, ethanol was gradually formed during an incubation period of up to 12 h (Fig. 4) . Analysis of the supernatant showed that maltotriose derived from starch was efficiently degraded by glucoamylase in 4 h (Fig. 5) . Afterwards, fermentable sugars were consumed by the yeast cells and became undetectable. Galacturonic acid derived from pectin was not fermented and remained in the supernatant.
Recovery of ethanol The total sugar content of starch, neutral detergent fiber, and other substances was initially 15.9 g (= [100 -79.9] × [29.6 + 21.4 + 28.3] / 100) in 100 g of the potato peel/substandard mash mixture as fresh matter (Table 3) . If fermentation proceeds with 100% efficiency, 15.9 g of sugars assumed as a polymer of fermentable hexose, (C 6 H 10 O 5 ) n , is converted to 9.03 g of ethanol, (C 2 H 5 OH) 2n . After fermentation, the actual content of ethanol formed was 3.84 g (/100 g), corresponding to 42.5% of the theoretical value. The conversion rate of sugars to ethanol is reasonable because the total sugar in the raw materials includes an appreciable amount of non-fermentable sugars. The content of crude protein and neutral detergent fiber was increased, accompanied by a decrease in the starch content. The combined supernatant (1 µL) from the mixture in the experiments of Fig. 2 was applied to TLC after three-fold dilution with pure water.
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Discussion
The use of renewable biofuels as alternatives to fossil fuels is expanding in many countries to reduce the reliance on petroleum and to decrease greenhouse gas emissions (Hill et al., 2006; Lin and Tanaka, 2006) . Ethanol, one of the major biofuels, is occasionally called bioethanol to discriminate chemically synthesized ethanol from that produced from sugarcane, corn, and other crops (Gray et al., 2006; Somerville, 2007) . However, excessive utilization of crops for ethanol production negatively affects the global food supply. Ethanol production from a renewable source that is unsuitable for food and feed, such as agricultural residues and hardwood species, is required to meet the increasing worldwide demand.
Potato, a principal rotation crop in Hokkaido (the northernmost island of Japan), generates by-products applicable for ethanol production during food processing. Local starchmanufacturing plants use about one million tons of potatoes annually, accompanied by the excretion of pulp corresponding to 10% of fresh tuber (Oda et al., 2002) . However, potato pulp cannot fulfill the requirements for ethanol production. High energy must be used for the gelatinization of residual starch by heating prior to enzymatic hydrolysis. Furthermore, fresh potato pulp is generally available only from September to November, during which potato processing mostly takes place. On the other hand, potato peel and substandard mash can be used as raw materials without further heat treatment from processing plants operating daily throughout the year. The resultant residue following fermentation has been supplied to animals as concentrated feed, such as dried distillers grains with solubles (Stein and Shurson, 2009) .
The Ministry of Agriculture, Forestry, and Fisheries of Japan has recently set a goal for the production cost of ethanol at 100 yen/L. If substandard mash (3,000 tons) derived from 100,000 tons of fresh tuber is treated by mixing with an equal portion of potato peel (3,000 tons) excreted simultaneously, 292 kL of pure ethanol can be produced in addition to about 800 ton of dried residue for animal feed (Table 3) . Yeast cells can be propagated and supplied for the fermentation process as in commercialized manufacturing plants. One liter of ethanol derived from 4.13 kg of the substandard mash and potato peel mixture on a dry basis requires 9.26 g of the total enzymes corresponding to 33 yen assuming the average price of the four enzymes is 4,000 yen/kg. The cost for purchasing enzymes may be compensated by saving on raw material costs, which usually cover 50 to 70% of the total cost for ethanol production from crops (İçöz et al., 2009) . Further cost reduction could be accomplished using cheaper enzymes or preparing enzymes by cultivating certain microorganisms secreting these potential enzymes. Therefore, utilization of by-products of potato processing could improve the profits of the potato industry and sustain the development of agriculture in Hokkaido.
